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SUMMARY P

T

The effect of various types of radiation on the electrochemical and
physical characteristics of nickel and cadmium elect.rbdes was studied. The
investigation for the most part employed electrodes in the flooded condition.
The two principal effects of gamma irradiation were to cause material to be
lost from the electrodes and to cause a buildup in gas pressure in sealed
cells, In addition, a 10 mv decrease in cell voltage was observed in one
experiment after a dosage of 8.7 x 107 rads (HZO)’ and a decrease in capa-
city of the cadmium electrode by possibly as much as 25% was found after a
dosage of 3 x 108 rads (H20).

The amount of material lost from the electrodes was found to increase
with increasing total gamma dose. Also, the rate of material loss increased
with increasing dose rate, The initiation of material loss, as determined
by visual clouding of the electrolyte, occurred at about 1.4 x 106 rads (HZO)
for dose rates in the range of 10° to 10° rads (H,0)/hour. The largest
electrode material loss observed was about 77 mg after an irradiation of
3 x 108 rads (H20).

The material loss (sloughing) phenomenon was also observed in irradia-
tions with electrons. The amounts lost with respect to total dose and dose
rate were approximately consistent with the gamma irradiation results. Neutron
irradiation results were inconclusive due to the low dose rate available.

The dislodged material showed cadmium to nickel ratios of 3:1 and
greater, with the ratio decreasing with increased total irradiation dose.
Individual electrode irradiations and complete commercial cell irradiations
both indicated that this sloughed material was primarily being removed from
the nickel electrode, Mechanisms based on radiolysis of the electrolyte are
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suggested for this material loss. The effect of radiation on the electrolyte
is to produce hydrogen peroxide and, to a lesser extent, hydrogen. Some evi-
dence has been obtained to suggest that the hydrogen peroxide, either through
chemical attack or through the mechanical effect associated with its decomposi-
tion to oxygen gas at the electrodes, may be one of the principal contributors
to the material loss,

The pressure buildup in the cells is probably due principally to oxygen
generated through the radiolytic and catalytic decomposition of hydrogen
peroxide. The kineties of the radiolysis in strong KOH are not known but
extrapolation of data obtained in dilute base gave reasonable agreement with

our data,
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I. INTRODUCTION

Batteries represent the source of secondary power on almost all space
vehicles. In any orbit these wvehicles and thus the batteries are subjected
to various types of radiation from cosmic rays or the Van Allen belts, Future
missions may incorporate nuclear reactors as the primary power source in the
vehicle with batteries acting as the secondary power for standby and peak
power intervals, The batteries may thus be in high radiation fields in this
application., To study the effects of high radiation fields on these batteries,
the nickel-cadmium system was chosen from the current types of rechargeable
systems being used.

Previous studiesl’2 of nickel-cadmium batteries in radiation fields
have been limited to an examination of the voltage and capacity before and
after irradiation of the whole battery. No change in these parameters was
observed. This present report describes a study of the behavior of indi-
vidual electrodes in a radiation field and presents information on (a) the
loss of material from the electrodes, (b) the effect of radiolytic decompo-
sition of the electrolyte, and (c) some electrochemical changes which were

observed.
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II. EXPERIMENTAL PROGRAM

A, MATERIALS AND EQUIPMENT

A diagram of the type of cell used for the initial experiments is shown
in Figure 1. Individual electrodes were placed in holders so that electrode
spacing is a constant for all runs. The cell and holders were of quartz
which was employed because of its resistance to strong alkali solutions and
to radiation. The experimental cell contains provision for a salt bridge
to a reference Hg/Hg0 electrode outside the radiation field. The cell also
contains a small bulb for collection of gases formed during irradiation.
Connected to the cell inside the radiation field was a pressure transducer
of the diaphragm type, sensitive to 0.1 psi.

Gulton Industries' nickel-cadmium type 10VO-8 flat plate cells were
chosen for this study, mainly because of the ease in separating the indi-
vidual electrodes for use in our test cells, Upon receipt, these commercial
cells were charged according to the manufacturert's specifications, i.e.,
0.060 amps for 17 hours. The physical size of these electrodes is
L.2 x 3.8 cms. The cells were disassembled and two of the three cadmium
electrodes and the two nickel electrodes were then used to make two of our
laboratory cells,

The laboratory cells were then discharged at 0.20 amps to the break in
the discharge curve. To insure 100% charge of the cells they were charged
for two and one half hours at 0.20 amps which is equivalent to 25% overcharge.
Using the same current they were then discharged to 75% of full charge. This
procedure was used for all cells, The cells were then cycled between 75% and

70% of charge for a period of 24 hours before irradiation treatment.
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A later cell design is shown in Figure 2. This stainless steel cell has
a quartz liner to contain the electrodes and electrolyte. The reference
electrode had to be incorporated inside the cell in this design. This type
of cell was introduced to prevent the gas leakage encountered in the quartz
cell design. Cells of similar physical dimensions to the cell of Figure 1
but made of lucite were used for electrochemical studies outside of the
radiation fields.

The electrical circuit shown in Figure 3 was used to produce the cycling
regime and to measure electrochemical effects during irradiation. The recorder
was a Minneapolis-Honeywell Universal 5 mv instrument with ¥ 50 mv suppression.
The constant current-constant voltage source was a Harrison Lab Model #855, the
timer was Kelelet Model K213 and the multicam timer was assembled from an
Industrial Timer Kit #MCK. A solion device model #SV100 from Self Organizing
Systems was used to give a state of charge indication. Two completely portable

electrical power and recording systems were made for convenience in taking data.

B.  RADIATION SOURCES

1. Co-60 Gamma Sources

Two Co-60 gamma sources were used in this investigation. Source I
gave a dosage of 8 x 10 rads (H20) per hour® at the position of the cell in
the source,

Source II is rated at 1.4 x 106 rads (H20) per hour, This source

was used for most of the runs. A picture of it and one of the consoles is

shown in Figure 4. The cell is placed in a 3" dia., x 5" deep well., Leads

#It is assumed for this work that the energy absorption of the electrochemical
cell system is that of water.
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Test Cell Installed in Co-60 Source
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are led out through stainless steel spiraled tubes coming up the column from
the well, The salt bridge was also brought up through one of these tubes,
After hookup, the well is closed with a stainless steel cover and then can
be lowered automatically into the source, A 1ift, attached to a timer, is
available to automatically raise the sample after a predetermined dosage.

2. Electron Source

The electron source was a Van de Graff accelerator capable of producing
2 Mev electrons at 5 Ma. The dosage was monitored by integrating the current
resulting from the collection of the electrons on the electrodes.

3. Neutron Source

The neutron source was a small swimming pool reactor in which a port
was available for sample irradiations with either thermal or fast neutronms.
The fast neutron dose rate is 6.6 x 10° rads (H20)/hr accompanied by gamma at
8 x 103 rads (H20)/hr. The radiation dosage varied less than 10¥¢ from the

center to the outer periphery of the cells.

C. EXPERIMENTAL VARIABLES

1. Introduction

Experimental conditions had to be established in the laboratory with
respect to the following variables: current density, type of cycle, length of
cycle, state of charge about which to cycle, temperature and concentration of
electrolyte.

2. Type of Cycle
The electrochemical effects on irradiated electrodes were investi-

gated by following the voltage behavior of the cells during a cycling regime,
Rather than the 90 min. cycle usually used in space applications, a 20 min,

cycle was chosen, with 6 min., of charge, 4 min., open circuit, 6 min. discharge
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and 4 min. open circuit. With this short cycle several cycles could be com~
pleted even during short irradiations.
3. Current

The effect of various currents on the cell voltage and other para-
meters of cell behavior was tested by operating cells at several currents.
A high current, 0.40 amp, resulted in the electrodes becoming full of bulges
and pockets due to either excessive local heating or excessive local gas
evolution. In the length of cycle used, low currents of 0.10 amp or less
gave little change in the voltages of the cells in going from open circuit
to charge or discharge. An intermediate current of 0.20 amp was then chosen
for use on all experiments. A Luggin capillary placed at various positions
between the electrodes and behind the electrodes in a laboratory cell was
used to determine that all the polarization was due to the resistance of the
electrolyte, Several cells were cycled in the laboratory for extended periods
of time at 0.20 amp current. In one such cell, cycled for 17 days at room
temperature, a small amount of precipitate formed under the cadmium electrode.
This precipitate was analyzed and found to contain cadmium and nickel in the
ratio of 3.75:1. An identical experiment to confirm this observation was not
performed and an explanation of this experimental result has not been attempted.
It is known, however, that migration of active cadmium material does occur on
the cadmium electrode.

L. State of Charge

With the current and cycle chosen one may calculate that a 5% change
in state of charge occurs on either the charge or discharge portion of the
3jycle. Since normally the nickel-cadmium batteries on space missions are not
discharged very deeply due to cycle life limitations, cycling about a state

of charge of 70 to 75% was chosen for this investigation.
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5. Electrolyte Concentration

Aqueocus solutions of thirty and thirty-five percent KOH have been

described in the literature>

as suitable concentrations for nickel-cadmium
batteries. In our preliminary experiments, negligible variations in IR drop,
polarization and total capacity of the cells were observed over the range of
25% to LO% KOH., Therefore, 30% KOH solution was used for all experiments.
A fresh solution was prepared for each experiment in order to keep carbonate
contamination to & minimum,

6. Temperature

The logical temperature for the laboratory experiments was laboratory

ambient temperature which varied between 22 and 25°C., It became apparent
early in the study that temperature did cause large changes in voltage
characteristics of the cells, Gamma Source II operates at a measured 45°C
so laboratory runs were made at this temperature also. Although voltage
reproducibility,upon temperature cycling a cell from 25° to 45°C and back to
25°C, was poor over 2-3 hour periods at each temperature, behavior was quite
reproducible over 24 hour periods. Because of the effect of temperature on
the voltage of these cells, a reference nickel-cadmium cell was usually run
outside the source at the same temperature as the cell being irradiated. No
sloughing off of material from the electrodes was ever observed in these

external cells,

AT-614-11
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ITI. TRRADIATION RESULTS

A. GAMMA TRRADIATIONS

1. Introduction

The general procedure in this study was to irradiate for a long
period initially, examine the system for damage and then reduce the dose
to find at what level the damage first became apparent. Table I summarizes
most of the experimental results from runs in the gamma sources and also
those in the electron and neutron sources.

2. Material Loss from the Electrodes

It was apparent from the very first run that some physical damage
was occurring to the electrodes in that solid material was found on the
bottom of the irradiated cell. This material was collected by filtration.
The electrodes were washed using a wash bottle and the dislodged solids
were combined with the precipitate. (An effort to insure complete removal
of this loosened material by ultrasonic cleaning proved to be unsatisfactory.
Ultrasonic treatment of cycled electrodes, whether irradiated or not, resulted
in the loss of large amounts of material. No material loss had been obtained
from similar treatment of uncharged non-cycled electrodes.) In a later ex~
periment visual observation at half-hour intervals of a cell at open circuit
conditions showed that clouding of the electrolyte began after one hour of
irradiation in Source II, i.e., l.4 x lO6 rads (HZO)’ The lowest total dose
for which an appreciable (i.e., weighable) amount of precipitate was obtained
was 5.8 x 106 rads (HZO)‘

The amounts of material lost from the electrodes in relation to the

total dose are plotted in Figure 5. The data show a monotonic functional
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relationship but are not closely correlated by this technique. Runs #10 and
11 seem abnormally low in the amount of material lost or sloughed. These
runs were made in the sealed stainless steel cell where evolved gases were
retained in the cell. Other than this difference in experimental technique,
no explanation for the low results of runs #10 and 11 is available.

The relationship of the rate at which the material was sloughed and
the dose rate is also of interest, Table II summarizes these data. The data
are averaged and are plotted in Figure 6. The results suggest that the rate
of material loss is approaching an asymptote with respect to the dose rate if
the electron ifradiation results are included in the correlation. With heavier
particle radiations, in this case electrons as compared to gammas, larger groups
of radicals are formed in the track and can recombine there; thus fewer are
able to diffuse away to react as free radicals. This effect is called the
linear energy transfer effect (LET). Its significance in this work may be
small, but the apparent trend should be considered as tentative in view of
possible effects associated with the different types of radiation.

When a sufficient quantity of residue (2 mg) was available from gamma
and electron irradiation, it was analyzed with an emission spectrograph. In
some runs in which there was no measurable amount of residue, all the electro-
lyte was neutralized and evaporated to dryness. Representative samples of
these evaporated residues were then analyzed, The results of all these
analyses are shown in Table IIT., Some sacrifice in precision of the nickel
and cadmium analyses was made in order to include all the trace elements in
the determination. Where sufficient material was available the samples were
analyzed again specifically for the cadmium to nickel ratio, as this quantity

seemed to be significant. These results are given in Table IV. The trace
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TABLE II. Relation of Rate of Loss of Electrode Material and Dose Rate

Run # Rate of Material Dose Rate
Loss (mg/hr) (rads/hr)
Co-60 #6 0.027 8 x 107
Co-60 #7 0.003 Av. 0.011 8 x 104
Co-60 #8 0.003 8 x 104
Co-60 #2 0.5 ’) 1.4 x 10°
Co-60 #3 0.15 1.4 x 10°
Co-60 #4 0.02 > Av, 0.19 l.4 x 106
Co-60 #5 0.36 1.4 x 106
Co-60 #10 0.06 1.4 x 106
Co-60 #11 0.05 J 1.4 x 106
Electron #5 13 L x 107
AI-64-11
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TABLE IV, Cadmium/Nickel Ratio of Stoughed Material

Cd/Ni Wt, of Mat'l Total Dose

Experiment Ratio (mg) (rads)
Co-60 Run #10 40:1% 5.9 1.5x108
Co-60 Run #11 3e1% 4.1 1.5 x 10°
Co-60 Run #1 10:1 low+ 1.7 x 107
) %zgt;gn 10:1 6.5 2x107
s Co-60 Run #3 721 10.1 8.7 x 107
Co-60 Run #2 6:1 35.6 1.0 x 10°
Co-60 Run #5 3:1 77 3 x10°

* Only rough analyses were possible on these samples -
therefore, the ratios are not as reliable as those of

the other runs.

+ Contaminated by tungsten but amount was less than

5 mg.

TABLE V, Spectrographic Analyses of Residues from Individual Electrodes

Flectrode & State of Charge Wt. % Cd Wt, % Nix*

Cd 0% .02 ND
Cd 75% . 005 ND
Cd 100% . 005 ND
o’ Ni 0% . 005 ND
Ni 75% . 01 ND
) Ni 100% .01 ND

* Remainder of residue was KC1l. Nickel concentration

was below detection limit of 0.05%.
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elements found in the residues correspond to those expected from the materials
used in cell manufacture. The high percentage of cobalt found may be ascribed
to the high cobalt content usually found in nickel. X-ray analysis of the
material from Run #5 showed Cd(OH)2 and SiO2 to be the predominant identified
components. There were a large number of unidentified lines in the x-ray
pattern but none appeared to be attributable to nickel or nickel compounds.
Contrary to this result, particles of sloughed material were found to line

up in a magnetic field, indicating the presence of some ferromagnetic com-
ponent such as nickel metal.

A significant correlation is also found if the cadmium to nickel
ratios in the sloughed material are compared to the weight of material lost.
Table IV shows these results, It should be noted that the greater the
amount of material lost, the lower the ratio of cadmium to nickel, The
electron irradiation results again are included and follow the trend.

Individual electrodes in 30% KOH were irradiated in separate un-
connected plastic cells, The data obtained are summarized in Table IV.

The electrodes were at various states of charge as indicated, Sufficient
amounts of precipitate were not available for the usual filtering and
analysis technique. The electrolyte together with the small amount of
precipitate was neutralized with hydrochloric acid and evaporated to dryness.
The analyses were then made on the residue.

These data do not show conclusively which electrode is contributing
the most to the sloughing. There is a trend in the weight percent of cadmium
with state of charge which would indicate that the hydrated cadmium hydroxide
is more susceptible to the sloughing mechanism than is the cadmium metal. In
the discharged state the cadmium is present as the hydroxide on the cadmium

electrode and in the charged state as the metal. Thus the amount of cadmium
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lost from the cadmium electrode is low for the 75% and 100% charge cases
but high for the discharged condition. Loss of material from the electrodes
also occurred when commercial cells were irradiated; these results are
presented below in Section 5.

3. Electrochemical Effects

A change in cell voltage was expected as one of the effects of
radiation. This change was anticipated to arise from polarization caused
by gas evolution during radiolysis of the electrolyte. These gases might
tend to adhere to the surface of the electrode causing a higher IR drop.
In addition, a change in electrode capacity might be expected from theAslough~
ing off of material from the electrodes. A loss of capacity, in addition to
that which would be caused by actual loss of material, could also be caused
by (1) the uptake of oxygen by the cadmium electrode, and (2) the actual
radiolysis of the active material, such as the NiOOH, in the electrode.

Two different electrochemical phencmena were observed in two
separate runs. In Run #3 the voltages of the cell being irradiated and
the 45°C reference cell diverged progressively to a difference of 10 mv
at the end of 62 hours as is shown by the open circuit voltage in Figure 7.
Unfortunately, in the longer run of 215 hours, #5, a similar measurement
could not be made due to failure of the reference cell. This phenomenon of
a cell failing for no apparent reason had been observed before in the
laboratory. In all other long runs no reference cell at 45°C was used so
that no long term voltage effect was measured.

After the 215-hour run in Gamma Source II (Run #5), the cell was
discharged at the 0.2 amp rate. It was noted that the cadmium electrode

became the electrode limiting the total capacity of the cell, as shown in

AI-64-11
21



UOT}eTpPRII] BUIR) (09-0) PITYL Butang 83e3ToA TTe) 3Tnoxt) usdy /L 8andty
80$T-8T09 | 9-22-1

(844) 3NIL

-7 v8 2L 09 -1 4 o€ »e 2l o
[ I | 1 T 1 I

0 oSb LV I 'ON 113D
L et it — O-._
NLIVNISNIL
NOON LV
Z2°ON 132
02 ‘'°N 1139
X =l 'ON 1132 .
B — ozl - ~
S i
35V1I0A 9 3
AVILINI Q @ Tm_
39v110A O IO, o <
IVNIS o .@
39VLI0A
IVILINI
39VL10A
TN
» ~ oen
INNIVNIGNIL
NOOM 1V
291 °0N 1730
- v d ——
09°2 NI 2 "ON 1730 09%2 NI 2 'ON T30

1 | l 1 l 1

o¥’|



the discharge curve of Figure 8, recorded after a complete discharge and
charge cycle of this cell. Tests on such cells before irradiation invariably
have shown that the nickel electrode limits the cell capacity at about 0.4
ampere-hour (120 minute discharge at 0.2 amp). This change was observed only
in the one long run.

During the initial discharge of the cell after the 215 hour irradia-
tion, the cell and specifically the cadmium electrode, went through a 70 mv
voltage step downward after approximately 1/3 discharged. Upon recharging
the cell, this step did not appear nor did it reappear on subsequent discharge.
No explanation is apparent for this single observation.

L. Gas Evolution

A stainless steel cell with a quartz liner (Figure 2) was constructed
to measure gas evolution. Two runs were made in this cell., The pressure
transducer in these measurements was a diaphragm type which has a voltage
output of 5 mv per psi. The sensitivity of the transducer was 0.1 psi over
0-20 psig. Run #10 was the first run with the stainless steel quartz-lined
cell. Figure 9 shows the variation of the measured cell pressure with time
during this run. The important féatures of this curve are: (1) the initial
drop in pressure, due to oxygen uptake by the cadmium electrode, (2) a rapid
increase in pressure upon placing the cell in the source, due to two factors,
(a) the temperature rise and (b) the radiolysis of the solution giving oxygen
and hydrogen gas, (3) a further steady pressure increase due to radiolytic
gas production and (4) a pressure decrease on removal of the cell from the
source due to temperature decrease and oxygen uptake by the cadmium electrode.

During the run the cadmium electrode continues to take up some of the

oxygen so that the resultant pressure is due to a variety of factors. The
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constant pressure region towards the end of the irradiation is, at present,
difficult to explain. A steady state between radiolysis, producing oxygen,
and cadmium electrode reaction with oxygen is a possible explanation but
this is only conjecture.

An electrical short in the pressure transducer cable occurred in
Run #11 due to insulation breakdown in the cable because of radiation. Only
the pressure data from the initial part of the run and the final pressure were
obtained. The final decay of pressure due to temperature drop and the cadmium
electrode-oxygen reaction, after the cell was removed from the source, was
also measured. Where comparisons were possible these data confirmed those
of Run #10.

Table VI summarizes the results of the gas analyses. A valve leak
and air contamination occurred at the conclusion of Run #10. This occurrence
probably decreased the hydrogen result and may have lowered the CO and CHI+
concentration below the detection limit. In Run #11 the methane and carbon
monoxide probably arise from the action of radiolytically produced hydrogen
atoms on some carbon-containing compound. The origin of the carbon-containing
compound has not been determined but may arise from carbonate in the electro-
lyte, from the electrode binder or from the neoprene "O" ring seal in the

stainless steel cell.

TABLE VI. Pressure Increase and Gas Analyses of Gamma Runs #10 and #11

Pressure Increase Gas Analysis (Vol. %)
(corrected for temp.) H, 0, N, CH, co
Run #10 2.6 1bs 2.1 18.4 79.6 0 0
Run #11 2.3 1bs 8.1 1.2 90.2 .17 .05
AT-64-11
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5. Commercial Cell Trradiations

Several commercial cells (5 electrodes in a plastic case) on open
circuit were irradiated in Gamma Source II, These cells were fully charged,
discharged to 75% of capacity, and then cycled for 24 hours, as described
earlier for the laboratory cells, prior to the irradiation. These cells
after irradiation were bulging considerably due to gas buildup in the cell.
Upon opening the cells, sloughed material was observed on the separator but
only where it was in contact with the nickel electrode. The cadmium to
nickel ratio of this material was 2:1. The amount obtained was not weighed,
The loss of this material from the Ni electrode appeared to have no measur-
able effect (i 2%) on the capacity of the cell which was determined before

and after the irradiation.

B. ELECTRON TRRADIATIONS

Two types of cells were used for these irradiations. Figure 10 shows
the cells used for the first four irradiations in which the electrodes were
perpendicular to the 2 Mev electron beam. The last experiment (Run #5) was
done with the electrodes in the lower portion of the quartz cell described
previously (see Figure 1). Thus, the electrodes in this case were parallel
to the beam. Instnnnenta;tion of the electron source required that the cells
be left on open circuit during these irradiations. A decrease of about 30 mv
in this voltage occurred but was thought to be entirely due to the increase
in temperature, which reached 52°C, A reference cell was not used for
comparison during these short runs because of the uncertainty in temperature
across the cell,

Table VII summarizes the results of these runs. In Runs #1 through 4

only one electrode was irradiated per run and, due to absorption by the
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Figure 10. Nickel-Cadmium Cell Used in 2 Mev
Electron Accelerator Experiment
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Figure 11. Quartz Cell Used in Fast Neutron
Irradiation Experiments
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electrode, the penetration of the electron beam was small. In the fifth run,
the electron beam impinged primarily on the electrolyte. Thus, in the first
four runs, the upper electrode was covered with only a little electrolyte, and
the amount of radiolysis occurring was small., In the last run, the electrolyte
received more radiation and sloughing was observed. Thus these results are
consistent with radiolysis of the electrolyte playing a role in the loss of
material from the electrodes, The weight and analysis of the material sloughed
in Run #5 correlates reasonably well with that obtained in the Co-60 irradia-
tions as is shown in Figures 5 and 6., In contrast to the gamma irradiations,

a steep gradient in energy absorption probably occurs in the electron irradia-

tions.

TABLE VII. Electron Irradiation Results

Run # Electrode Exposed Sloughed Material Dosage (rads H20)
(

1 Ni None 5 x 10°
2 cd ! 5 x 108
3 Ni n 2 x 107
L ca " 2 x 107
5 Both | 6.5 2 x 109

C. NEUTRON IRRADIATION

Figure 11 shows the physical arrangement of the cells for our neutron
irradiation, The cells were irradiated for 52 hours for a total dosage
(®and n) of 7.4 x 105 rads, No sloughing of material from any of the

electrodes was observed., Some transmutation reactions had occurred. The
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post-run gamma spectra, indicating the predominant peaks, are shown in
Figures 12 and 13. The nuclides formed and their mode of production are
surmarized in Table VIIT. The formation of Cd™” (Figure 12) is further
proof that cadmium is present in the nickel electrode., The post-run
examination of the electrolyte showed only the beta radiation due to
potassium 41, Evaporation of the electrolyte and subsequent spectro-
graphic analysis showed a trace of cadmium present but no evidence of

any nickel.

TABLE VIII. Nuclides and Their Mode of Production

Electrode Nuclide Half Life Mode of Production

Cadmium ca® 53 hr. catté(n, ¥ )oatt?

cat®? 6.7 br.  cd%®(p, ¥ )cat??

| Co°C 71 days Ni%8(n, ¥ )Co®
Nickel N6 2.56 br.  Ni%%( n,¥ Ni®°

Co’8 71 days Niss( P )Co58

o 5.26 yr.  Co2?( new )Co®®

ca® 53 nr. catt¥( nr Yealt?

The fact that no sloughing was observed is consistent with the results
obtained from Co-60 irradiations in which a dose of 1.4 x lO6 rads (H20) was
required to observe any effects associated with sloughing. This source did not

provide neutrons only; however, from the very limited information available, it
would appear that fast neutrons are not a great deal more damaging than gamma

radiation with respect to material loss from the electrodes.
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IV. DISCUSSION OF GAMMA TRRADIATION RESULTS

A, MATERIAL LOSS FROM ELECTRODES

1. Mechanisms of Material Loss

Three mechanisms appear as possible causes for the sloughing phenomenon
observed to accompany irradiation of the nickel-cadmium cells. Any or all of
these may be causing this phenomenon. These mechanisms are:

a. The Mechanical Effect of Rapid Gas Evolution Resulting
from Hydrogen Peroxide Decomposition

Hydrogen peroxide is formed in the electrolyte by radiolytic
action. This peroxide is decomposed to form oxygen gas and water either by
radiolysis or by the catalytic effect of the highly active electrodes. The
oxygen evolved either inside or outside the electrodes may mechanically
dislodge material from them. To test the possibility of this sequence of
events, the effect of 1% hydrogen peroxide in 30% KOH on nickel and cadmium
electrodes was observed in the laboratory. Oxygen gas was evolved at both
electrodes but material was found to be dislodged from the nickel electrode
only. Analyses showed this material to contain both nickel and cadmium. It
is therefore possible to say that decomposition of hydrogen peroxide at the
nickel electrode may lead to material loss from that electrode. The effect
of lower concentrations of hydrogen peroxide should also be investigated; the
steady state concentration of hydrogen peroxide in these irradiations is
probably between 0.1 and 0.5 millimoles/literh or three orders of magnitude
less than the 1% concentration.

b. The Chemical Action of Hydrogen Peroxide

Hydrogen peroxide may react with specific materials on the

electrodes. Peroxide may act as either a strong oxidizing or reducing
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agent in basic solution. The oxidizing action is the more likely for the
conditions of this study, with one possible action being on the porous
nickel structure of the electrodes. This action, for example, may weaken
the structure and lead to the loss of material from the electrodes. The
experimental result with 1% hydrogen peroxide, mentioned in the previous
section, may also be evidence for chemical attack by the peroxide. Some
particles in sloughed material were observed to be attracted by a magnet.
This mechanism and the one below could lead to nickel metal being present

in the sloughed material. The nickel, of course, is ferromagnetic and would
be attracted by a magnet.

¢. The Chemical Action of Free Radicals

Hydroxyl free radicals may react with the materials of the
electrodes. The reaction would release large amounts of energy and could
in themselves be responsible for dislodging the material from the electrodes.
While some cause of the sloughing phenomeénon other than those associated with
the radiolysis of the electrolyte is possible, it does not appear as likely.

It does not appear possible at present that any of the three
mechanisms indicated above can be discarded as possible causes of this
material loss.

2. The Origin of the Sloughed Material

There is a trend that the higher the total dose the greater the amount
of material lost from the electrodes. From the Cd:Ni ratios of the sloughed
material, it is evident that more cadmium is dislodged than nickel. Wet
analysis of the electrodes, exclusive of the steel skeletons, showed that 2.5%
of the nickel electrode was cadmium and about 25% of the cadmium electrode was

cadmium, with nickel making up the remaining percentages of metals. Information
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from the battery supplier indicates that cadmium tends to migrate and is
expected to be on the surface of both electrodes. In this case, material
dislodged first would naturally be richer in cadmium than in nickel for
either electrode, However, as more material is removed, the Cd/Ni would
be expected to change rapidly only for material coming from the nickel
electrode,

The results of the Cd/Ni ratios in the sloughed material, therefore,
are consistent with the view that the nickel electrode is contributing most
to the sloughing., Additional evidence that the nickel electrode is the
principal source of sloughed material is: (a) Individual electrode irradia-
tions (Table V) show more cadmium coming from the nickel electrode than the
cadmium electrode for the state of charge conditions of the experiments.

(b) When complete commercial cells are irradiated, dislodged material is
only found on the separator next to the nickel electrode, Further studies
of this material loss from electrodes using compartmented cells will be
needed to resolve this problem.

3. The Effect of Material Loss and Oxygen Evolution on Electrode
Capacity

The largest amount of material lost fram the electrodes in any one
run was 77 milligrams. From the spectrographic analyses of this material
the amounts of cadmium and nickel species were estimated to be approximately
LO mg. and 15 mg. respectively, If all of this material came from the nickel
electrode it would have no discernible effect on the electrode capacity as
15 mg. corresponds to a maximum of 1.1% of the amount of active nickel
material. (The latter was calculated from the 0.4 amp-hr observed capacity
of this electrode.)

The cadmium electrode, from chemical analyses, contains about 1.0 gm

of the metal which, if all active, corresponds to a 20% excess over the
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0.4 amp-hr capacity. If the material all came from the cadmium electrode,
the change in capacity again would not be discernible as LO mg. amounts to
only about L% of the active cadmium material present. Thus, one may con-
clude that the sloughing off of material from the electrodes is not a
principal contributor to the observed decrease in capacity of the cadmium
electrode,

Oxygen from the radiolytic decomposition of the electrolyte will
react at the cadmium electrode. In Run #10, approximately 60 cc of oxygen
were produced which, if all reacted with the cadmium electrode, would oxidize
and thus discharge 0.3 g of cadmium metal on the electrode. Considering the
fact that there is only about 1 gram of cadmium (of which about 0.8 g is
needed for full capacity) on the cadmium electrode, this indeed would change
its capacity. Although a discharge curve was not recorded for Run #10 it
was recorded for the apparently identical Run #11 and the discharging of the
cell after the irradiation period exhibited normal behavior. We do not have
an explanation for the apparent discrepancies of these results.

The observed loss in capacity of the cadmium electrode (in Run #5)
indicates a deactivation somewhat more than the excess capacity (about 20%)
originally in the electrode. This capacity was permanently lost since re-
charging of the electrode did not restore it. The material loss is not
sufficient to account for it, nor would the simple oxidation expected in the
Cd electrode-oxygen reaction do so since this would not be expected to lead
to a permanent loss of capacity.

It is possible that an oxidation of the active cadmium on the
cadmium electrode is brought about by peroxide decomposition or reaction
with hydroxyl free radicals. Also, it may be that radiolysis of the cadmium

hydroxide on the electrode occurs, In either case, the resultant materials
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might be no longer active and thus no longer able to take part in the electrode
reactions. Also, it is known that on cycling, there is an aging process
occurring within the electrode and this process may be accelerated by the
gamma irradiation. These would result in a reduced electrode capacity and
possibly a small steady decline in electrode potential., Both of these effects
were observed,

In addition to the effects indicated above, the radiation or the
action of a product of radiolysis may change the reactivity of some electrode
component. The presence of this new species may help account for the voltage
step observed in the post-run discharge of the irradiated cell in Gamma Run
#5. Once reacted, this species would no longer be present, so that subsequent
recharge and discharge would proceed in normal fashion.

It should be emphasized that these postulates concerning the origin
of the changes in electrode capacity and cell voltage are pure speculation.
However, they are suggestive of further investigations which may lead to an

understanding of the observed effects.

B. DISCUSSION OF GAS EVOLUTION

In the radiolytic decomposition of water a variety of reactions occur to
give the species H, OH, H, and H,0, (Ref. 5, p. 25). The general theory is
that radiation decomposes water to H and OH free radicals. In general the
principal mode of reaction of the OH is to form hydrogen peroxide, H202, while
the hydrogen atoms may react with themselves to form hydrogen gas but, to a
great extent, diffuse away and react with the medium. The yields of products
in pure water are well established but no data have been reported corresponding

to the highly basic solutions of this study. It would be expected, however,
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in keeping with the Radical Diffusion model (Ref. 5, p. 26), that, in highly
basic solutions, the H202 yield would be at least the usual value of

0.7 molecules/100 ev absorbed and the H, yield would be greatly decreased
from the value of 0.45 molecules/100 ev absorbed usually observed in dilute
solutions. In fact, the principal mechanism leading to hydrogen gas is
likely to be from the combination of hydrogen atoms in the track of a
radiation event before they have had an opportunity to come in contact with
much of the solution. That this mechanism leads to a low yield is indicated
by the fact that the gamma irradiation of aqueous solutions of oxidizing
agents has resulted in hydrogen yields of essentially zero. (Ref. 5, p. 99.)
The electrodes, in contact with the solutions in this study, are likely to
have an effect on product yields but information is not available to predict
this effect at this time.

In order to obtain some quantitative check on the gas production in
these experiments the amount of oxygen gas produced in Run #10 was calculated.
The peroxide yield of 0.75 molecules/100 ev obtained by Vc-:se]_ovskyl+ for
0.3 N NaOH solutions was used because his solutions were most similar to those
of this study. The steady state concentration of hydrogen peroxide should be
quite low because of decomposition due to radiation and to the electrodes and
it is assumed, for this calculation, that essentially all of the hydrogen
peroxide decomposes to oxygen gas. Using the above yield, an irradiation time

18

of 111 hours, a dose rate of 1.5 x 107" ev/cc and a solution volume of 45 cc,

then the yield of oxygen is

ix 15 ﬁgée::;es x 1.5 x 10° cce;in x 60 g;n x 111 hr x
L5 cc x MW x 22400 cc at STP _ 62 cc at STP.

6.02x1023 molecules MW
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In Run #10 the pressure change is 2.6 psi for the same temperature
before and after irradiation, as shown in Figure 9. In addition, the Cd
electrode-oxygen reaction accounts for a decrease in oxygen pressure
(initial part of plot in Figure 9) of 0.15 psi/hour. Thus the total pressure
change for the 111 hour experiment is (111 x 0.15) + 2.6 = 19.2 psi. If it
is assumed that essentially all of this is due to oxygen gas then, in the
L5 cc gas volume of the cell, this pressure change corresponds to a volume
of oxygen of %3 x 45 = 58 cc at 1 atm. and 25°C,

The agreement of these calculations is much better than would be
expected from the data and the nature of the assumptions involved., However,
at least in a qualitative sense, the tentative conclusion might be drawn that
the above picture is reasonable for the conditions of this work. One of the
recommendations for future work (Section V) is a study of product yields for
the radiolysis of 30% KOH solutions. Of particular interest are the yields
of hydrogen and of hydrogen peroxide and the modes of decomposition of the

latter.
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V. RECOMMENDATIONS

The results to date, including the sloughing phenomenon and the single
observation of loss of cell capacity on irradiation of Ni-Cd battery
electrodes, are felt to warrant further investigation.

Future work should include an effort to determine (a) whether the
cadmium electrode does indeed lose capacity and become the electrode
limiting cell capacity, and (b) whether the cell voltage does decrease
as a result of continued irradiation. Also, the cause of these effects,
including the role of the sloughing and of chemical discharge of the cadmium
electrode, should be determined. Voltammetric measurements made periodically
during runs would enable one to study in more detail the electrochemical
changes occurring,

The phenomenon of the sloughing of material from the electrodes should
be studied further to determine the mechanism, the origin and the factors
influencing it. To this end, the effects of total dosage and dose rate
should be correlated further with the amount and composition of sloughed
material. A study of the radiolysis products of 30% KOH in the presence
and the absence of the individual electrodes may give some insight to the
mechanism of sloughing of material from the electrodes,

More i:nfoma.tion on battery manufacturing techniques is needed to
evaluate if variations in the final product inhibit or promote some of
the observed phenomena caused by radiation. Some of these possible variations
relate to (a) the method of impregnation of the electrodes with active material,
(b) the composition of active material used, particularly that of the nickel
electrode, (c) type of binder used and (d) type of separator used. More

whole commercial cell irradiations should be performed so that the results
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with laboratory cells may be related to the effects observed with cells in
actual use.

Other types of rechargeable systems should also be studied to see if
they are affected in a similar fashion to the nickel-cadmium system under
high radiation fields. The silver-cadmium system, for instance, uses the
same cadmium electrode as does the nickel-cadmium system. Both the silver-
cadmium and silver-zinc cells have good peroxide decomposition catalysts
due to the silver, which may cause an even more serious sloughing problem.

In summary, the results to date indicate the need for a further detailed
study of the effect of nuclear radiation on all battery electrodes prior to

their use in heavy radiation fields,
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